is to delineate the molecular mechanisms that link the loss of Nkx2-5 with these cardiac disease phenotypes, Human mutations in Nkx2-5 lead to progressive carwhich could simply reflect late, secondary effects of an diomyopathy and conduction defects via unknown early requirement of Nkx2-5 in the primary and secondmechanisms. To define these pathways, we generated ary heart fields. Alternatively, these defects might reflect mice with a ventricular-restricted knockout of Nkx2-5, a later requirement for Nkx2-5 within specific cardiac which display no structural defects but have progresmuscle lineages during cardiac chamber maturation. sive complete heart block, and massive trabecular
His bundle using anti-sarcomeric ␣-actinin (rhodamine, red) and anti-Nkx2-5 N terminus (FITC, green) antibodies. We noted that a distinct feature of the conduction Conduction System Disease in Ventricular Restricted Nkx2-5-Deficient Mice system in the mouse was the marked upregulation of Nkx2-5 ( Thomas et al., 2001) . Our data indicate that in Neonatal Nkx2-5-deficient mice displayed no arrhythmias by surface ECG. Recordings obtained by subcutathe central and distal conduction system (including the Purkinje cells), Nkx2-5 immunoreactivity was more neous telemetry transmitters from young mutant mice (12 weeks) revealed first degree AV block and marked abundant compared to the surrounding working myocardium. This pattern was present during late embryonic QRS prolongation when compared to wild-type mice (Figures 2A-2C) . However, at a later stage (6-12 months), development when a discernable AV node was seen (ED 17.5, data not shown) and extended into adult life. In advanced AV conduction block progressing to complete heart block became evident in 50% of mutant mice, contrast, in flox/flox/cre ϩ mice, there was only sporadic Nkx2-5 nuclear staining in the conduction system (Figwhile flox/flox mice of the same age were unaffected (data not shown). Furthermore, these results are consisure 3M), consistent with a high degree of cre-mediated recombination in the conduction system. Prior studies tent with a ventricular origin, as opposed to atrial, of the central conduction system. Our mouse model recapituhave shown a relatively higher expression of MLC2v in the mouse conduction system (Franco and Icardo, lates the clinical syndrome of progressive AV block seen in patients with Nkx2-5 mutations, but without the asso-2001). A systematic serial section comparison of the proximal to distal AV node and the His bundle using ciated congenital cardiac malformations such as atrial and ventricular septal defects.
␣-actinin immunostaining was performed. Mice homozygous for the Nkx2-5 ventricular restricted KO had To determine if young mutant mice harbor a central conduction system defect that might not be readily deatrophic, disorganized conduction tissue that was significantly smaller than that of their flox/flox littermates. tectable via surface ECG, microelectrode EP studies were conducted utilizing Langendorff heart preparaWe serially sectioned flox/flox/cre ϩ (n ϭ 8) and cre Ϫ (flox/flox, flox/wt; n ϭ 8) littermates and examined their tions. In the flox/flox/cre ϩ mice, there were clear defects in the electrophysiological function of the AV node and AV node. Using AChE, we found that both the intensity and area of staining were diminished in flox/flox/cre ϩ intersecting His bundle (n ϭ 3), manifested as a selective mice. Using trichrome staining, we similarly observed is relatively preserved ( Figure 3O ). Similar analysis in mice heterozygous for the floxed allele (flox/wt/cre ϩ ) selective degeneration of the central conduction system, as evidenced by selective cell dropout and fibrosis, showed no statistically significant change in the AV nodal size and, further, we were able to detect Nkx2-5 while the surrounding atrial and ventricular myocardium In an effort to identify molecular pathways involved in AV implantation, with incidents of unexpected death, likely nodal block and the hypertrabeculation in adult Nkx2-5-due to malignant cardiac arrhythmias. In two individuals, deficient mice, we compared the gene expression proautopsy specimens became available, thereby allowing files of flox/flox and flox/flox/cre ϩ hearts by microarray for a rigorous, direct analysis of the conduction system analysis. Pooled ventricular RNA was isolated from three in the hearts of patients heterozygous for this Nkx2-5 mice in each group and was used for microarray analymutation. As shown in Figures 4A-4F , this human mutasis; each experiment was repeated three times. Using tion in Nkx2-5 was associated with a marked, preferenstrict selection criteria for signal strength, expression tial degeneration of the conduction system at the level ratio, background, and reproducibility, several genes of AV node and the His bundle, while the surrounding showed a dramatic (5-fold or higher) change in the level myocardium is relatively unaffected. In both cases, only of expression. Genes associated with myocardial cell remnants of conduction cells were identifiable at the proliferation and trabeculation were markedly dysreguanatomical location of the AV node and His bundle, lated in the mutant hearts, including bone morphogenic which was noted by prominent AV nodal myocyte dropprotein-10 (BMP-10), which is aberrantly expressed at out and fatty replacement. Similar histological analyses high levels in the KO ventricle, and the cardiac homeodoin a large series of human autopsy specimens revealed main-only protein, HOP, which was downregulated the selective AV nodal degeneration to be unique (An Figure 7A ). In the adult mouse ventricle, BMP-10 is undetectable by in situ hybridization (Fig-(atrial, conduction system, and trabecular) . We also observed that the rate of thymidine incorporation in the cardiomyocytes from BMP-10 KO emadult mice, we assayed for phospho-histone H3, a marker of mitosis, by immunostaining ( Figure 5A , bottom bryos was markedly reduced, thereby indicating that BMP-10 was required for the proper growth and/or difpanels) in neonatal as well as adult hearts (data for adult heart similar to neonatal heart, not shown). Cardiac ferentiation of at least a subset of cardiomyocytes (Figure 7E) . In a transgenic mouse model where the expresmuscle cells normally begin to withdraw from the cell cycle at birth. However, in Nkx2-5-deficient hearts, we sion of BMP-10 was anomalously elevated via ANF promoter, there was a similar pattern of myocardial oversee evidence for persistent cellular mitosis at the neonatal stage extending into adult life. The fact that cells growth and hypertrabeculation ( Figure 7C ). In line with these observations, mouse embryos lacking BMP-10 staining positive for phospho-histone H3 also stain positive for sarcomeric ␣-actinin (data not shown) indicates showed a hypoplastic heart with thinning of the septum and the ventricular wall and died in early gestation (ED that the cells undergoing mitosis are myocytes. To determine if BMP-10 can positively regulate myocardial 10.5) (Chen et al., 2004) . In addition, BMP-10 KO embryos were found to have a normal level of Nkx2-5 exgrowth, we assayed for the rate of DNA synthesis (thymidine incorporation) in embryonic cardiomyocytes in the pression in the myocardium at ED 8.5-8.75; but this was dramatically downregulated at ED 9.25-9.5, shortly after presence of BMP-10 ( Figure 7D ). Embryonic cardiomyocytes from ED 13.5 wild-type mice were incubated with BMP-10 expression is normally initiated in the embry- The present study employs a conditional mutagenesis tricular myocardium (Chen et al., 2004) . Taken together, strategy to define the potential role of Nkx2-5 within the gain-and loss-of-function studies of BMP-10 in both cardiac myocyte lineages at later stages of heart develin vitro and vivo model systems supported the role of a opment. Interestingly, these mice display many of the novel pathway for ventricular muscle cell lineage growth ventricular muscle cell phenotypes seen in the hearts that is mediated by a Nkx2-5-BMP-10 axis ( Figure 7F) .
of patients who harbor mutations in Nkx2-5, including cardiomyopathy, and progressive postnatal AV block, Dysregulation of this axis can directly account for an but without evidence of congenital heart disease, i.e., tion in the presence of Nkx2-5; In the absence of Nkx2-5, the same signals may ultimately lead to AV nodal myoatrial or ventricular septal defects. A detailed, comprehensive analysis of the downstream target genes that cyte degeneration and complete heart block. are disrupted in these mutant mice, based on a combination of bioinformatics and microarray analysis of ven-
BMP-10 Pathways and Ventricular Muscle tricular gene expression, reveals a defect in ventricular
Cell Lineage Defects lineage specification, as evidenced by the aberrant exOne of the most critical steps of ventricular chamber pression of atrial, conduction system, and trabecular development is the formation of a finger-like meshwork restricted markers within the working myocardium of of myocardial cells known as trabecular myocardial layer the postnatal hearts. As such, these studies identify a in the fetal heart. The process of trabeculation is critically new molecular paradigm for the onset of congenital linked with the control of cardiac muscle growth, as the heart defects and associated arrhythmogenesis via derapid burst in the expansion of the trabecular myocarfects in the decision-making steps that guide ventricular dium is normally followed by subsequent differentiation cells into discrete cardiomyocyte lineages. Since the and slower cycling rate of the cells at the outermost ectopic ventricular expression of several of these genes boundary of the trabecular myocardium; these cells difis persistent and their effects are now known to directly ferentiate into conduction system lineages known as influence automaticity (HCN1), contractility (sarcolipin), Purkinje fibers (Sedmera et al., 2003) . Cardiac muscle and trabeculation (BMP-10), these studies support the cells normally begin to withdraw from the cell cycle at concept that the surgical correction of the structural birth. In this manner, the precise control of trabecular morphogenic heart defects is unlikely to correct the unmuscle growth may play a critical role in the onset of derlying molecular defects, thereby leading to progresmany aspects of congenital heart disease phenotypes, sive dysfunction in the postnatal heart in discrete cari.e., trabeculation, septation, and conduction, seen in diac muscle cell lineages.
the setting of Nkx2-5 mutations in both experimental models and in patients. Accordingly, understanding the molecular mechanisms responsible for the onset of de- . Embryos were harvested after a 4 hr labeling period snap frozen using 5-methylbutane (Sigma) and liquid nitrogen. and followed by fixation (10% neutral buffered formalin) and paraffin Hearts were allowed to freeze overnight in Ϫ80ЊC freezer stored in section. Deparaffined sections were stained with Hoechst in PBS airtight container. Prior to sectioning, the OTC embedded block is to illustrate nucleus. The Hoechst-stained slides were coated with equilibrated in Ϫ20ЊC for at least 15 min. Five to ten micron sections photographic emulsion (Polysciences, Inc., Warrington, Pennsylvawere collected onto Superfrost Plus glass slides (Fisher Scientific). nia) and further processed for autoradiography. 3 H-thymidine labelFor serial sections through the AV node, anatomical landmarks were ing index was the percent of total number of labeled nucleus versus used to help guide the decision to begin collection. Two sections total number of nucleus. were placed on each glass slide and any loss of sections was noted. Acetylcholinesterase staining was performed based on protocols developed previously (El-Badawi and Schenk, 1967).
Generation of BMP-10-Expressing NIH3T3 Cells and Culture of Embryonic Cardiomyocytes using BMP-10 Conditioned Media Immunohistochemistry and Imaging Five micron frozen sections were collected on glass slides and We used a retroviral gene delivery system to generate BMP-10-expressing cells. To generate the BMP-10 expression construct, the fixed in cold (Ϫ20ЊC) 100% methanol for 1 min. Sections were then incubated in PBS containing 1% BSA, 0.3% Triton X-100 for 15 coding region of the mouse BMP-10 cDNA was subcloned into 5Ј end of IRES-GFP cassette of a retroviral-based expression vector min. Antibodies were used at 1:500-1:100 dilutions in PBS/1%BSA overnight at 4ЊC. The slides were then washed in solutions con- Elliott, D.A., Kirk, E.P., Yeoh, T., Chandar, S., McKenzie, F., Taylor, P.,
